A tensile-compression fatigue response of Al matrix composites containing different amount of SiC nanoparticles (50 nm diameter) up to 6 vol. pct was studied. The nanocomposite powders were prepared by a powder metallurgy (P/M) route consisting of mechanical alloying, hot extrusion, and hot closed-die forging. The microstructure of the materials was evaluated by optical microscopy, scanning and transmission electron microscopies, and electron backscattered diffraction. A fine distribution of the nanoparticles in submicron and ultrafine grains was obtained. The low cycle fatigue behavior was examined in stress control mode under fully reversed tension-compression cycle at 1 Hz up to 1000 cycles. High cycle fatigue was conducted using a push-pull test up to 10 7 cycles with the minimum to maximum stress ratio of 0.1 at a frequency of 40 Hz. Cyclic hardening was observed at a low cycle fatigue regime with an enhanced hardening rate in the presence of SiC nanocomposite. The fatigue endurance limit at 10 7 cycles was also improved by nanoparticles. Fractographic studies revealed a mixture of ductile-brittle fracture modes with an increase in the ductile fracture mode at higher SiC fractions. The fatigue fracture mechanism was found to be local ductile deformation, microscopic void formation, and coalescence.
I. INTRODUCTION
THE evaluation of mechanical properties of nanostructured and ultrafine-grained materials has been researched intensively in recent years. [1] As reviewed in Reference 2, a number of studies have also been devoted to investigate the mechanical properties of nanocomposites. With regard to metal matrix nanocomposites, Al-SiC is probably the most intensively studied material system due to its unique combination of properties. [2, 3] It is known that the uniform distribution of nanoparticles throughout the metal matrix enhances the elastic modulus and strength of the material, while the ductility decreases mainly due to dislocation interaction with the non-shearable nanoparticles. [4] [5] [6] Meanwhile, a literature survey shows that evaluation of mechanical properties has mostly been limited to tensile and hardness tests. Recently, the high-temperature deformation of Al matrix nanocomposites under compression (upsetting) [7] [8] [9] and time-dependent tensile (creep) loads has been noted. [10] Although fatigue fracture is the most common source of failures of engineered materials and accounts for >80 pct of damage in practical applications, [11] the fatigue behavior of nanocomposites has been investigated very limitedly. One of the authors recently reported fatigue properties of Cu-Al 2 O 3 nanocomposites under a shear mode by a rotating bending test [12] and showed that the presence of alumina nanoparticles enhances the high cycle fatigue (HCF) strength. Cyclic hardening at the low cycle fatigue (LCF) range (<1000 cycles) was also shown. Studies on the cyclic properties of ultrafinegrained pure metals and alloys have shown that grain refinements improve the fatigue strength in the HCF range with an inverse behavior in the LCF regime. [13] [14] [15] Shear banding and dynamic grain growth at the fatigue crack tip are the main two features which are ascribed to be responsible for governing the cyclic deformation. [16, 17] To use aluminum matrix nanocomposites in highdemand applications, it is vital to study the mechanical responses of these materials under cyclic loading. The aim of this work is to investigate the effect of SiC nanoparticles on the fatigue fracture of aluminum matrix composites. Mechanical alloying (MA) was used to prepare nanostructured Al-SiC nanocomposite powders containing different particle fractions of 2, 4, and 6 vol. pct. The effect of hard particles on the microstructure of the aluminum matrix after MA is shown. The nanocomposite powders were then consolidated via hot deformation and their tensile-compression cyclic fracture in the LCF and HCF ranges were studied and compared with unreinforced aluminum. The mechanism of fatigue fracture is discussed based on the microscopic void formation and coalescence and the effect of hard nanoparticles is addressed.
II. EXPERIMENTAL PROCEDURE

A. Materials Processing
Gas atomized aluminum powder with a purity of 99.8 pct and SiC nanoparticles with an average particle size of 50 nm (Alfa Aesar, USA) were utilized. The aluminum, silicon carbide (2, 4, and 6 vol. pct), and stearic acid (1.5 wt pct) were mixed and milled for 40 hours in a planetary ball mill using hardened steel balls at a rotating speed of 250 rpm and ball to powder ratio of 10. Aluminum powder (without SiC nanoparticles) was also processed at the same condition as a reference. To prevent powder oxidation, loading and unloading procedures were conducted in a glove box under argon atmosphere. After milling, the powders were degassed at 723 K (450°C) for 60 minutes and then cold pressed in an aluminum container at~120 MPa. The container was then heated for 60 minutes at 773 K (500°C) and transferred to a small industrial extrusion press to create rectangular section billets with a 23 9 17 mm 2 cross section with an extrusion ratio of 7:1 at 723 K (450°C). To improve the density, closed-die hot forging at a temperature of around 723 K (450°C) was performed. A plain strain die with a rectangular cross section was used to apply 18.8 pct reduction with a stroke speed of 5 mm/s perpendicular to the extrusion direction.
B. Microstructural Evaluation
The morphology of nanocomposite powders was studied by scanning electron microscopy (SEM) (CamScan MV2300, UK). The crystallite size of the milled powders was estimated using an X-ray diffraction (XRD) method according to the Williamson-Hall procedure. [18] Vickers microhardness of the powder particles was evaluated according to ASTM E 384-99. To determine the amount of residual porosity of the consolidated billets, their density was measured by the Archimedes' method according to the ASTM B962-08 Standard. The microstructures of the materials were evaluated by optical microscopy (Olympus, Japan), scanning electron microscopy (CamScan MV2300 SEM, UK), and transmission electron microscopy (TEM) (JEM-2100F STEM, JEOL, Japan). For TEM studies, the specimens were sectioned along the extrusion direction. Thin foils were prepared by grinding 1-mm-thick slices down to a thickness of 70 lm using emery papers and polishing by diamond pastes. The films were then punched to disks (3 mm diameter) and dimpled (Model 656, Gatan Inc., CA) to below 5 lm. Afterward, the specimens were polished by an ion beam using the PIPS instrument until perforation. The grain structure and orientation mapping were evaluated by the electron back scattered diffraction (EBSD) method. The procedure used for the sample preparation and analysis was explained elsewhere. [7] Acquisition of EBSD data was done using 3D total analysis (Helios NanoLab DualBeam, FEI, Oregon, USA) with a highresolution EBSD detector (Hikari, EDAX, NJ) operating at a working distance of 8 mm and a step size of 40 nm. The data were processed using OIM Analysis 5.2 (EDAX, NJ) to plot the inverse pole figures (IPFs) and misorientation distribution curves. A cleanup with a grain tolerance angle of 5 deg and minimum confidence index of 0.1 (CI > 0.1) was applied to reindex the data points. Low-angle grain boundaries (LAGBs) were defined at misorientations in the range of 2 to 15 deg (white colored in IPFs), while grains with higher angles were considered as high-angle grain boundaries (HAGBs).
C. Tensile and Fatigue Testing
Flat dog bone-shaped samples were prepared by a wire-arc discharge of the forged billets along the extrusion direction according to ASTM E466 standard ( Figure 1 ). Mechanical polishing was performed to gain a mirror-like surface. Tensile tests were done using an automated mechanical testing machine (Zwick Z250, Germany) at a constant strain rate of 2 9 10 À3 s À1 . The fatigue tests were performed on a SCHENCK model servo hydraulic machine equipped with a 10 kN load cell. The cyclic loadings were performed in a pull-pull mode with minimum to maximum stress ratio of 0.1 (R = 0.1) in order to prevent buckling under stresscontrolled condition at a frequency range of 1 to 40 Hz. Different stresses (S) were applied and the number of cycles to failure (N) was recorded in order to construct the S-N curve (cyclic stress-controlled fatigue test). To study the hardening/softening response, the cyclic stressstrain behavior at high strain amplitudes using tensioncompression fatigue testing was evaluated. Herein, the testing was conducted under a fully reversed total stress control condition up to 0.8UTS (ultimate tensile strength) and a constant strain rate. Cycling was started in the tension mode and the strain changes were recorded versus the number of cycles to observe hardening/softening behavior. The stress-strain hysteresis loops were periodically recorded on a PC-based data acquisition system.
III. RESULTS AND DISCUSSION
A. Characterization of the Nanocomposites Table I reports the characteristics of the aluminum and nanocomposite powders after 40 h of mechanical milling. Typical electron microscopic images of the particles are shown in Fig. 2 as an example for Al-4 vol.pct SiC nanocomposite. Relatively uniform distribution of hard nanoparticles throughout the metal matrix was obtained. We did not observe inclusion clustering, while spherical powder particles indicated a steady-state condition for the mechanical milling. [19] The results reported in Table I show that the average size of the powder particles and the crystallites (grains) was reduced by increasing the amount of hard nanoparticles, while hardness was improved. As it was shown elsewhere, [20] the hard inclusions accelerate the mechanical milling stages and their distribution in the matrix contributes to the hardness enhancement. Consequently, the consolidation of the powders became more difficult. Figure 3 shows the density of the powder compact after hot consolidation as a function of SiC volume fraction. The amount of residual porosity increased with increasing the amount of SiC nanoparticles, which can be attributed to their effects on the load-bearing capacity, strain hardening effect, and higher hardness of the particles. As an example, Figure 4 shows optical micrographs of the cross section of the consolidated Al-4 vol.pct SiC nanocomposites as compared to the unreinforced aluminum powder consolidates. The prior particle boundaries (PPBs) were etched off and revealed that the flow lines occurred upon hot consolidation. Hot extrusion was accompanied by directional flow of the material along the extrusion direction, and thus elongated grains were formed. Interparticle pores were also seen. After hot forging, the material flow that occurred in the direction of upsetting resulted in pore closure with formation of more elongated pores. The lower deformation ability of the nanocomposite led to less densification; thereby, more pores were visible compared to the aluminum specimen. Figure 5 shows TEM images of consolidated Al and Al-4 vol.pct SiC powders. Distribution of nanosized SiC particles in the matrix is visible. We also noticed a fine distribution of aluminum oxide nanoparticles (~15 nm) in the matrix of aluminum after mechanical milling ( Figure 5(a) ) due to breaking of the oxide surface layer and their redistribution in the matrix having a relatively coarse grain ( Figure 5(b) ). In the microstructure of the nanocomposite, both nanometric and ultrafine grains (Figures 5(c) and (d) ) were observed. In order to study the microstructural changes during the hot deformation, EBSD analysis was utilized to observe the grain structure of the materials ( Figure 6 ). We noticed a significant grain growth of the unreinforced aluminum alloy upon the hot deformation process. The average grain sizes of the aluminum alloy compacts were determined to be 1.3 and 1.7 lm after hot extrusion and hot forging, respectively. It seems that the high stored energy due to the nanostructured grains caused significant grain growth upon the subsequent hot deformation process. Nevertheless, recrystallization heterogeneity was observed that resulted in the formation of bimodal grain size microstructure. The heterogeneous grain growth was also seen in the nanocomposite, but to lesser extend due to the grain boundary pinning ability of the nanoparticles. Average grain size values of 430 nm (after hot extrusion) and 790 nm (after hot forging) were obtained for Al-4 vol.pct SiC nanocomposite. Figure 7 shows that the size distribution of the grain is narrower and the MacKenzi texture (i.e., deviation from random distribution of misorientations) is less strong in the nanocomposite than those of unreinforced material. Although non-uniform recrystallization is inevitable because of inhomogeneity in the microstructure and the stored energy, [21] the differences in the size distribution of grains indicate better pinning efficiency of the grain boundaries by SiC nanoparticles as compared to uneven distribution of oxide inclusions in the unreinforced alloy. The higher fraction of low-angle grain boundaries (34 pct vs 23 pct) could also be an indicator of higher dislocation density in the nanocomposite, which is caused by thermal mismatch between the matrix and reinforcement. [22] More information on the formation of bimodal grain sizes and texture developments in mechanically milled aluminum and its nanocomposites can be found in our recent publications. [7, 8] B. Tensile Behavior Figure 8 shows true stress-strain curves of the examined materials. The tensile properties are extracted according to the ASTM E 8 and reported in Table II . The yield and ultimate strengths increased with SiC content, while the elongation to fracture was reduced. It should be noted that the amount of residual porosities depends on the reinforcement volume fraction; hence, the effect of hard inclusions would be a competition between the strengthening mechanisms and the nonload-bearing capacity of the pores. [23] The effect of reinforcement particles on the yield strength of the aluminum matrix (r matrix ) can be explained by contribution of different strengthening mechanisms including the lattice friction stress of the aluminum matrix, grain size strengthening according to the Hall-Petch relation, [24] dislocation strengthening based on the Taylor relationship, [25] and dispersion strengthening according to the Orowan mechanism, [26] considering that mechanical milling introduces dispersions (oxides and carbides) to the system which can contribute to the strengthening mechanism. [2] For nanoparticle-reinforced composites, the following equations can be used [26] [27] [28] :
The parameters used in these equations are defined in Table III based on data reported in References 24 and 29. Figure 9 shows the relationship between the measured and estimated values of the yield strength as a function of SiC volume fraction. We have found that the calculated dislocation density based on the thermal mismatch between the matrix and reinforcement particles predicts higher yield strengths than the experiments. A more convincing agreement between the model and experiments is obtained when a lower dislocation density (in the order of 10 13 /m 2 ) is utilized. This level of dislocation density was experimentally measured for age-hardened aluminum alloys having nanometric precipitates with a volume fraction of 1 to 2.5 pct. [30] It is believed that the difference between the model and experiments could be related to the presence of micropores and multiple heating and cooling steps during the fabrication process. In other word, the presence of pores in the microstructure provides free surfaces for moving dislocations, which in fact favor dislocation annihilation. [22] A fraction of the hard nanoparticles, which are located at the grain boundaries, does not also contribute to the dislocation motions. Anyway, the analysis of the data shows that the Orowan mechanism and mismatch dislocations play a significant role on the strengthening of the nanocomposite, while residual porosity is a limiting factor. Figure 10 shows stress versus the number of cycles to fracture for Al and the Al-SiC nanocomposite. The higher fatigue strength of the nanocomposites at 10 7 cycles than that of the unreinforced aluminum is noticeable (Table II) . Albeit the higher porosity of the nanocomposites was noticeable, the high cycle fatigue (HCF) strength was shown to be improved with increasing the volume fraction of the reinforcement nanoparticles. It is known that the cyclic response of discontinuous-reinforced composites with commercially pure matrix is mainly controlled by the structure of the matrix. [31] In nanocomposites, however, the distance between the inclusions could be comparable with the self-trapping distance for dislocations, so that the particles directly influence the cyclic response. In this case, the cyclic behavior should be stable, i.e., no cyclic hardening or softening should be seen. Figure 11 shows cyclic deformation of Al and Al-4 vol.pct SiC nanocomposite under load control mode at a frequency of 1 Hz. Cyclic hardening was noticed for both samples although the nanocomposite approached the saturation stress earlier. The initial and steady-state strain amplitudes for aluminum were also higher than those of the nanocomposite due to higher plasticity of the unreinforced aluminum. Furthermore, the rate of cyclic hardening (the required number of cycles to reach steady-state strain amplitude [32] ) was enhanced in the presence of nanoparticles due to the locking effect of non-shearable particles on moving dislocations. [12] The cyclic hardening behavior of the nanocomposites reveals that the fatigue response is controlled by the microstructure (grain size and texture) of the matrix. We observed a finer grain structure for the nanocomposites compared to the unreinforced aluminum; hence, the fatigue strength was higher. Here, it is pertinent to point out that ultrafine-grained materials are commonly softened or have a lower rate of cyclic hardening. [17, 33] Therefore, the cyclic hardening of the nanocomposites should be affected by the presence of inclusions. Figure 10 shows that the fatigue data of the nanocomposites are more scattered in the low cycle fatigue (LCF) region as compared to the unreinforced aluminum. While higher scatter at HCF can mainly be attributed to variations in surface defects (roughness and scratches) and microstructural heterogeneity, [34] it seems that the presence of pores in the nanocomposites caused more sample to sample variations. In other words, heterogeneity in the distribution of the internal pores in different samples resulted in higher scattering at high stress amplitudes. The presence of pores also significantly reduced the LCF strength (N f < 10 5 ) of the nanocomposites. In fact, the lower ductility of the nanocomposites and high stress concentrations at the pore tips should increase the void coagulation rate and accelerate fracture at high stress levels.
C. Fatigue Behavior
D. Fractographic Study
Fractographic observation was performed in order to determine the effect of hard nanoparticles on the fracture surfaces. Figure 12 shows SEM images of the fatigue fractured samples. A mixture of brittle and ductile fracture modes was observed for both unreinforced and reinforced aluminum. Distinct regions of stable crack growth and overload were seen (see Supplementary information S1). While relatively homogeneous microplastic deformation was observed in the fracture surface of aluminum compact, heterogeneously distributed striation-like features indicative of localized microplastic deformation were seen in the fracture surface of the nanocomposite. Macroscopic cracks, which essentially traversed along the grain boundaries, were also noticed. The fracture appearance in the region of overloads compromised pronounced cracking along the grain boundaries and a distribution of dimples adjacent to the grain boundary. As compared to previous studies on cyclic deformation of UFG aluminum, [13, 15] our study revealed no sign of shear banding on lateral sides of the samples in the presence of hard nanoparticles (For example, see Figure 12 (d)). It also appeared that fatigue cracks were initiated from the surface defects with no sign of slip or shear bands. Meanwhile, finer dimples were observed at higher SiC volume fractions (Figures 12(a) and (c) ). This behavior can be rationalized by the mechanism of interaction between SiC nanoparticles with the microvoid coagulation. [4] While the hard inclusions can serve as sites for microvoid nucleation due to decohesion of the particles *Extracted from Refs. [22] and. [28] from the matrix, they can also inhibit the crack growth by deflection. Consequently, finer dimples are formed. Meanwhile, in contrast to the occurrence of crack nucleation at the matrix-reinforcement interface in microcomposites, we observed crack nucleation at the exogenous defects located at the surface of the specimens. It appears that the detaching of the particle-matrix interfaces was not the main nucleation site, presumably because of the spherical morphology (no sharp corners to cause stress concentration) and good interface bonding caused by the solid-state (P/M) route. [35] IV. CONCLUSIONS
The tensile and fatigue behaviors of Al-SiC nanocomposites prepared by a powder metallurgy (P/M) route were studied. The effect of SiC volume fraction on the microstructure and the static and dynamic properties was evaluated. It was shown that the aluminum particles and their grain structure were refined by mechanical milling in the presence of hard nanoparticles. The higher hardness of the nanocomposite particles limited their formability, which eventually led to lower densification of the powders upon the subsequent hot consolidation processes. The amount of residual porosity was higher in the nanocomposites containing higher SiC volume fractions. Microstructural examinations revealed a retarded grain growth of the aluminum matrix during the hot consolidation process when inclusions existed. However, a stronger texture was observed in the nanocomposites (based on the higher deflection from normal distribution of misorientation) as compared to the unreinforced aluminum. Although the higher amounts of SiC nanoparticles improved the tensile strength, the presence of more microvoids was found to affect the load-bearing capacity of the material and in particular their fracture elongation. Similarly, the addition of hard nanoparticles enhanced the fatigue limit; for example, the fatigue limit of Al-6 vol.pct SiC nanocomposite was about 30 pct higher than the unreinforced aluminum. Meanwhile, cyclic hardening occurred at high stress levels (LCF region). Fractographic studies also showed a mixture of ductile-brittle fracture surfaces. The amount of ductile fracture area increased with increasing the amount of the hard particles.
